The ultrastructure of spermatophoral sperm is investigated for the first time in a cerithioidean gastropod. Thiara amarula (Linnaeus, 1758), a widespread Indo-West Pacific species of the Thiaridae, produces uniaxonemal euspermatozoa and multiaxonemal paraspermatozoa. Euspermatozoa possess a laterally-flattened acrosomal vesicle (with eccentrically positioned invagination and subacrosomal material), a tubular, laterally-compressed nucleus, an elongate midpiece (with four, straight, equal-sized mitochondria each with parallel cristae), an elongate glycogen piece and an end piece. The eusperm nucleus exhibits or is associated with a number of unusual features including: (1) nuclear contents differentiated into two components (fibrous, highly electron-dense material, enclosing a pair of less-dense, finely granular tracts); (2) nuclear invagination with two elongate grooves aligned at 90°to the axonemal central microtubules and parallel with the 1 and 5 axonemal doublets; (3) a periodically-banded rootlet associated with the centriolar complex near the nuclear apex; (4) an electron-dense structure attaching the nucleus to the axoneme at the nucleus-midpiece junction. Feature (1) has been reported elsewhere in Melanoides tuberculata (Thiaridae), but in no other examined gastropods (or other molluscs) and its purpose is unknown. Paraspermatozoa of T. amarula possess an elongate head region (up to 14 axonemes and large, irregular mitochondria enclosed by sheath of spherical, dense vesicles), a short 'glycogen' region and a posterior tuft of glycogen tails. The two sperm types do not form spermatozeugmata and observations suggest that neither type undergoes any noticeable structural change while inside the spermatophore. Sperm features suggest a close relationship between T. amurula and M. tuberculata and more broadly with other 'Group 2' cerithioidean families exhibiting four equal-sized eusperm mitochondria. including Potamididae, Modulidae, Scaliolidae, Melanopsidae, Semisulcospiridae and Pleuroceridae.
INTRODUCTION
The caenogastropod superfamily Cerithioidea (sand creepers, mudwhelks and allies) contains at least 18 extant families, 11 of which are marine (Cerithiidae, Potamididae, Batillariidae, Planaxidae, Dialidae, Litiopidae, Scaliolidae, Modulidae, Turritellidae, Siliquariidae, Diastomatidae) and six freshwater (Thiaridae, Pachychilidae, Pleuroceridae, Semisulcospiridae, Paludomidae, Melanopsidae, Hemisinidae) (Glaubrecht, 1996; Healy & Wells, 1998; Strong et al., 2011; Glaubrecht & Neiber, In Press) . A further two marine families, Pickworthiidae and Pelycidiidae, have also been included in the superfamily (Takano & Kano, 2014; Bank et al. 2017) .
Thiarids comprise one of the most ecologically important families of freshwater cerithioideans, being particularly well represented in tropical regions of Southeast Asia, with numerous genera and species (Glaubrecht, 2006 (Glaubrecht, , 2009 (Glaubrecht, , 2011 Glaubrecht, Brinkmann & Pöppe, 2009) . Their ability to exploit a range of reproductive strategies (gonochorism to widespread parthenogenesis; oviparity to viviparity) has enabled them to colonize new areas quickly, with some even reaching 'pest species' status (Pointier et al., 1992; Healy & Wells, 1998) . As with other freshwater cerithioideans, many thiarid species are also intermediate hosts for economically and medically important trematode parasites in fish, livestock and humans (for recent literature and examples see Krailas et al., 2014) .
Several ultrastructural studies have investigated the polymorphic spermatozoa (euspermatozoa and paraspermatozoa) of marine cerithioideans (species of Cerithiidae, Potamididae, Batillariidae, Planaxidae, Dialidae, Turritellidae, Scaliolidae; Giusti, 1971; Melone, Lora Lamia Donin & Cotelli, 1980; Healy & Jamieson, 1981; Giusti & Selmi, 1982; Healy, 1982a Healy, , b, 1983a Healy, , 1986a Afzelius & Dallai, 1983; Kohnert & Storch, 1984a, b; Koike, 1985; Afzelius, Dallai & Giusti, 1986; Minniti, 1993; Al-Hajj & Attiga, 1995; Attiga & Al-Hajj, 1996; Suwanjarat & Klepal, 2001; Suwanjarat & Suwaluk, 2003; Buckland-Nicks & Hodgson, 2005) . In contrast, far fewer freshwater cerithioideans have been examined from this perspective and in less detail (species of Semisulcospiridae, Melanopsidae, Pleuroceridae and Thiaridae; Yasuzumi, Nakano & Matsuzaki, 1962; Hachiri & Higashi, 1971; Henley, 1973; Kohnert & Storch, 1984a, b; Koike, 1985; Afzelius, Dallai & Callaini, 1989; Hodgson, 1997; Hodgson & Heller, 1990 . Work on Thiaridae is essentially limited to accounts by Kohnert & Storch (1984a, b) and Hodgson & Heller (1990) , all dealing with Melanoides tuberculata, but incompletely in terms of mature sperm features. A brief note by Scates et al. (1977) , recording the occurrence of mature and developing sperm in the normally parthenogenetic Tarebia granifera, was unfortunately not accompanied by any detailed description or micrographs.
During the course of anatomical studies on the Indo-West Pacific Thiaridae, one of us (MG) retrieved a whole spermatophore from the seminal pouch of a male Thiara amarula (Linnaeus, 1758) a species with a very wide geographic range from eastern Africa to Samoa (also type species of Thiara Röding, 1798 and of Thiaridae) (see Glaubrecht, 1996; Schütt & Glaubrecht, 1999; Glaubrecht et al., 2009) . This provided an excellent opportunity for a sperm ultrastructural investigation of a second species of Thiaridae, partly with an aim to identify potential family-level and genus-level sperm characters. To our knowledge this is the first study to examine cerithioidean spermatozoa from within the spermatophore and only the fourth to examine spermatophoral sperm within the Gastropoda-previous studies have dealt with the heteropod Atlanta gaudichaudi (Jamieson & Newman, 1989) , the cephalaspid heterobranch Runcina ferruginea (Kress, 1985) and the pulmonate Cornu aspersum (Healy & Jamieson, 1989) . Spermatophoral transfer of sperm appears to be standard for the Cerithioidea, all but a few of which are aphallic (Houbrick, 1988; Healy & Wells, 1998; Glaubrecht & Strong, 2005; Strong et al., 2011) . All previous accounts of cerithioideans have examined spermatozoa from the testis and/or sperm duct (seminal vesicle), so investigation of possible cellular changes within the spermatophore is of importance, particularly because sperm features have been used in phylogenetic analyses of the superfamily (Houbrick, 1988; Strong et al., 2011) .
This study documents the ultrastructural features of the euspermatozoa and paraspermatozoa of T. amarula, with the aim of providing detailed sperm data for another member of the Thiaridae (and to stimulate further research on this aspect of thiarid reproduction) and also to discuss the taxonomic use of sperm features in freshwater Cerithioidea. The results are discussed in relation to previously studied caenogastropods, with particular emphasis on cerithioideans.
MATERIAL AND METHODS
Transmission electron microscopy (TEM) was conducted on a spermatophore of an adult Thiara amarula of 45 mm shell length, collected alive in early November 1996 at Bloomfield Creek, tributary of Mowbray River, c. 3 km S Port Douglas, Queensland, Australia, and kept alive in an aquarium at the Australian Museum, Sydney, Australia until dissected on 20 December 1996. The white, irregularly-shaped spermatophore was extracted from a male (indicated by the lack of a brood pouch), where it was found embedded in the foliated lamellae of the inner open pallial gonoduct. The spermatophore was fixed whole in 3.5% glutaraldehyde in 0.1 M phosphate buffer for 24 h, then cut into four approximately equal-sized portions (2 mm 3 ). All tissue portions were rinsed in three changes of buffer, then transferred to a 1% solution of osmium tetroxide (in phosphate buffer) for 2 h. After three further changes of buffer, the tissues were dehydrated using a graded series of ethanols (20%, 40%, 60%, 70%, 90%, 100%, 100%; each step 30 min) and finally embedded in Spurr's epoxy resin (ethanol:resin ratio 50:50 (1 h), 25:75 (1 h), 100% resin 1 h; 100% resin 12 h). Tissue-containing resin blocks were polymerized in an oven at 60°C. Ultra-thin sections (silver-gold interference colour) were cut using either a LKB IV or Ultracut ultramicrotome (Leica EM UC6), mounted on coated 200-mesh copper grids and stained using either (1) the contrast-enhancing method of Daddow (1986) (1 min lead citrate, 30 s uranyl acetate, 1 min lead citrate) (method 'a') or (2) a more standard method of 3 min uranyl acetate; 30 s lead citrate (method 'b'). Sections were viewed and photographed using a Hitachi 300 TEM (staining method 'a') or a Jeol 1011 (staining method 'b') operated at 80 kV. Micrographs are noted as to the staining method employed (a or b) in the relevant figure legends. As only a single spermatophore was available for study and was entirely processed for TEM observation, it was not possible to determine overall lengths of euspermatozoa or paraspermatozoa. Voucher specimens of T. amarula from the same locality (ZMB 106353) have been deposited in the Malacological Department of the Natural History Museum, Humboldt University Berlin (see Glaubrecht et al., 2009: 214) .
RESULTS

Euspermatozoa
Euspermatozoa of Thiara amarula are each composed of the following features (in anterior to posterior sequence): acrosomal complex, nucleus, midpiece, glycogen piece and end piece. A plasma membrane collectively encloses all of the eusperm components, although in the material examined it is partially missing in several areas.
Acrosomal complex: The acrosomal complex is positioned at the apex of the nucleus and, although usually straight, often shows evidence of flexibility (Fig. 1A, B) . The complex consists of a slender, laterally-flattened acrosomal vesicle (length 2.5 ± 0.2 μm (n = 6), maximum observed width 1.2 μm) and an extensive, similarly flattened deposit of subacrosomal material, the latter housed in a deep invagination of the vesicle (Fig. 1A, C) . Both the acrosomal invagination and subacrosomal material are eccentrically positioned in relation to the central axis of the spermatozoon (Fig. 1C) . Contents of the acrosomal vesicle are moderately electron-dense, with an outer layer composed of numerous (60-65), highly electron-dense, parallel plates (Fig. 1C) . The subacrosomal material is highly electron-dense and homogenous (Fig. 1A, C, D) . The base of the subacrosomal material deposit fans out to form a partial support for the acrosomal vesicle at the nuclear apex (Fig. 1A, D) .
Nucleus:
The nucleus is elongate (longest observed portion 19.4 μm), anteriorly attenuated and almost entirely penetrated by an invagination containing the centriolar complex and anterior portion of the axoneme ( Figs 1A , B, D-I; 2A-F). Transverse sections reveal that the nucleus is strongly compressed laterally at c. 90°to the axis formed by the two aligned central microtubules of the axoneme (Fig. 1G-I ). The extent of compression is more exaggerated toward the anterior of the nucleus (Fig. 1F, G) . Contents of the nucleus are differentiated into two components: (1) granulofibrous, highly electron-dense material, and (2) two tracts of less electron-dense, finely granular material that occupy most of the thicker sides of the nucleus (Figs 1F, G, I, 2C, D) . In transverse section, the less-dense tracts show a curved profile. The anterior region of the centriolar complex exhibits very electron-dense transverse bands (periodicity of major bands 30-40 nm), indicating that it is a rootlet anchoring the centriolar/axonemal apparatus to the nucleus ( Fig. 2A, B) . Due to the granularity and electrondensity of the matrix associated with the centriolar complex, it was Transverse section (TS) of nucleus showing differentiated nuclear contents (components 1 and 2). D. TS detail of axoneme within nuclear invagination showing the accessory arms of axonemal doublets 1 (left white arrow) and 5 (right white arrow) attached to granular material within nuclear grooves. E. LS nucleus showing detail of a nuclear groove. F. LS nucleus and sheathed axoneme. Abbreviations: a, acrosomal complex; ax, axoneme; c, centriolar complex; n, nucleus; ng, nuclear groove; r, periodically-banded rooted associated with centriolar complex; 1, 2, dense and less-dense components, respectively, of nuclear contents. Scale bars: A-C, E = 0.25 μm; D = 0.1 μm; F = 0.5 μm. Staining used: method 'a' (A); method 'b' (all other micrographs). not possible to differentiate microtubular numbers or their configuration clearly (Fig. 1F ). In the anterior region of the nucleus, the nuclear invagination is elaborated by two narrow grooves (Figs 1D, F-I, 2C-E). These grooves, which are aligned at c. 90°to the central microtubules of the axoneme, are filled with finely granular material and are closely associated with axonemal doublets 1 and 5 (Fig. 2D) . Although in the region of the centriolar complex the grooves are narrow and similar in shape and extent ( Fig. 1F) , they become shallower during the transition to the axoneme (Fig. 1G ) and the groove associated with doublet 1 is wider and better developed than that associated with doublet 5 (Figs 1H, 2C, D). Figure 2D (white arrows) shows two electron-dense arms projecting from doublets 1 and 5 into the granular material of each nuclear groove. Although these arms are morphologically very similar to the arms associated with all nine doublets, their composition and role(s) remain unknown. The nuclear grooves are absent in the most posterior region of the nucleus (Fig. 3C ). The junction of nucleus and midpiece is characterized by overlap of the neck region of the mitochondria with the beveled nuclear rim (Fig. 3A,  B ). In addition, the axoneme is directly attached to the nucleus and mitochondria by thick, electron-dense structures, the developmental origins of which are presently unknown (Fig. 3A , B, D; black arrows).
Midpiece: The midpiece consists of four equal-sized, elongate, straight mitochondria and the proximal portion of the postnuclear axoneme (Fig. 3A, B, E-G, I). Each mitochondrion has 8-9 cristae, which are parallel and flattened (cristal plates) (Fig. 3E , F, H). The anterior shoulder of each mitochondrion slopes underneath the thick arm-like structures, towards the axoneme, is solid and lacks any cristate internal structure (Fig. 3A , B, D). The regimented organization of the cristae is best appreciated in oblique longitudinal and transverse sections (Fig. 3E, F) . The posterior shoulder of each mitochondrion is similar to the anterior shoulder and is likewise devoid of cristae (Fig. 3H ). However, a thin layer of highly dense material, apparently associated with the annulus, lines the innermost aspect of each posterior shoulder (Fig. 3H, I ).
Annulus, glycogen piece and end piece: A highly electron-dense annulus is attached to the inner surface of the plasma membrane and separates the midpiece from the glycogen piece (Fig. 3H,) . The glycogen piece consists of loosely organized tracts of dense, putative glycogen granules ( Fig. 3G-I ). Figure 3I (black arrow) demonstrates the presence of longitudinally continuous structures, here interpreted as part of the cytoskeletal support for the putative glycogen granules. These are attached to, and extend posteriorly from, the annulus (Fig. 3H ). Whether they are microtubular or membranous in composition could not be determined. An end piece posterior to the glycogen piece consists of the axoneme sheathed only by the plasma membrane (not illustrated).
Paraspermatozoa
Each paraspermatozoon consists of an elongate 'head' region and a posterior tuft of flagella (Figs 4, 5). The plasma membrane collectively encloses all of the parasperm components. No evidence of any attachment of euspermatozoa to paraspermatozoa (i.e. spermatozeugma formation) was observed.
Head: The head region is composed largely of a bundle of 6-14 axonemes (9 + 2 microtubular configuration) surrounded by a sheath of numerous, spherical, dense vesicles (Figs 4A-E, 5A-C). The longest portion of the head region observed with TEM was 25.0 μm. Moderately electron-dense granules (interpreted as putative glycogen granules) line the inner aspect the plasma membrane at the rounded apex of the paraspermatozoon (Fig. 4A, C) . The cap-shaped apex of the head is electron-dense and membranous, and forms the attachment site for all of the centrioles and therefore also the axonemes (Fig. 4A, C, D) . Scattered granules observed both at and near the apex (Fig. 4A, C) and further posteriorly into the main body region (Fig. 5C ) are interpreted as putative glycogen deposits. The plasma membrane is very closely applied to the dense vesicles of the head (Figs 4A, E, 5A-C), but can also exhibit occasional peripheral extensions (Fig. 5A) . Angular, often irregular patches of lower electron-density occur within the dense vesicles, suggesting some chemical heterogeneity of the vesicle contents (Figs 4A, E, 5A-C). Positioned between the axonemes and occupying the core region of the head are a number of oblong or irregularly-shaped mitochondria and diffuse cytoplasm (Figs 4E, 5A-C). Disrupted axonemes were occasionally observed within the head region (e.g. Fig. 5A ), but their significance remains obscure. In contrast to the mitochondria of euspermatozoa, those of the paraspermatozoon are elongate and often of highly irregular shape, and show weakly developed cristae (Figs 4E, 5A-C).
Glycogen region and tail tuft: At the junction of the head and tail tuft, the plasma membrane is initially tightly applied around the axonemes, forming a short (0.5 μm) zone of constriction (Fig. 4E ). Further posteriorly, highly electron-dense, putative glycogen granules are clustered around the axonemal bundle ( Fig. 5D ; note also peripheral extensions of the plasma membrane) and also around the individual axonemes as they emerge as tails, thereby forming the 'tail tuft' proper (Fig. 5E, F) . A highly electron-dense annulus, with a curved longitudinal profile, lines the inside surface of the plasma membrane of each of the tails (Fig. 5F ). The putative glycogen granules of the paraspermatozoan tails are noticeably more electron-dense than those of euspermatozoa (glycogen piece), although their division into nine tracts is less obvious than observed in euspermatozoa (Fig. 5E ).
DISCUSSION
Euspermatozoa
Acrosomal complex: The shape of the acrosomal vesicle varies considerably between genera and families of Cerithioidea, ranging from truly conical (Turritellidae, Batillariidae, Scaliolidae, Planaxidae, some Potamididae) to laterally flattened (Cerithiidae, Melanopsidae, Semisulcospiridae, Pleuroceridae, Litiopidae, some Potamididae) (Giusti, 1971; Hachiri & Higashi, 1971; Healy, 1982a Healy, , b, 1983a Healy, , 1986b Afzelius & Dallai, 1983; Afzelius et al., 1986 Afzelius et al., , 1989 Minniti, 1993; Hodgson & Heller, 2000) . The flattened condition is seen in both investigated species of Thiaridae (Melanoides tuberculata: Kohnert & Storch, 1984a ; Thiara amarula: present study) and this is likely true of all Thiaridae, given the consistency of acrosomal shape observed in most investigated cerithioidean families. Hodgson & Heller's (1990) reconstruction of a truly 'conical' acrosomal vesicle in M. tuberculata is based on immature cells, whereas Kohnert & Storch (1984a) examined mature euspermatozoa from the sperm duct of this species and their micrographs indicate a flattened acrosomal vesicle. Among the other Caenogastropoda, a flattened acrosomal vesicle occurs in the Cyclophoroidea (Giusti & Selmi, 1985; Koike, 1985; Healy, 1988a) and in several Truncatelloidea (Giusti, 1971; Kohnert, 1980; Healy, 1983b; Kohnert & Storch, 1984a; Riedel et al., 2001; Röpstorf et al., 2002) and some degree of flattening of the anterior of the acrosomal vesicle is very commonly encountered in numerous other caenogastropod superfamilies (see Kohnert & Storch, 1984a; Koike, 1985 for several examples). Hence the flattened vesicle profile seen in T. amarula is not in itself a unique feature, although the markedly eccentric position of the acrosomal vesicle invagination (and contained subacrosomal material), in relation to TS anterior mitochondrial shoulders of all four mitochondria (two dense bodies also visible may be the same structures indicated by black arrows in Fig. 3A, B) . E. LS (oblique) midpiece mitochondrion showing parallel cristal plates. F. TS midpiece showing axoneme surrounded by four mitochondria. G. TS midpiece and glycogen piece regions; portion of nucleus also shown in LS. H. LS junction of midpiece and glycogen piece. Note dense lining of posterior mitochondrial shoulder and annular complex associated with plasma membrane. I. LS junction of midpiece and glycogen piece showing annulus and (black arrow) longitudinally continuous structures associated with putative glycogen granules. Abbreviations: ams, anterior mitochondrial shoulder; an, annulus; ax, axoneme; gp, glycogen piece; m, midpiece mitochondrion; n, nucleus; pms, posterior mitochondrial shoulder. Scale bars = 0.25 μm. Staining used: method 'a' (A, C, E-G); method 'b' (B, D, H, I ). the central axis of the cell, is noteworthy. Kohnert & Storch's (1984a: Fig. 2h ) single micrograph of M. tuberculata suggests this might also be the case in this species, but further study is required to verify this.
The presence of multiple internal plates within the mature acrosomal vesicle in T. amarula is also not unusual, having been routinely reported elsewhere in the Cerithioidea and in other caenogastropods in general (e.g. Healy, 1982a Healy, , 1983a Healy & Jamieson, 1993; Healy, 1996a, b; Riedel et al., 2001; Röpstorf et al., 2002) , but these plates have occasionally been misinterpreted as microtubules (e.g. Walker & MacGregor, 1968; Giusti & Mazzini, 1973; Attiga & Al-Hajj, 1996) . Presumably these structures provide support for the acrosomal vesicle, although, as we have shown in T. amarula, the vesicle can also demonstrate varying degrees of flexibility (compare Fig. 1A and B) , as appears to be the case in a number of other caenogastropods (Buckland-Nicks, 1973; Feral, 1977; JH unpublished data) .
In most caenogastropods, the subacrosomal material ('axial rod material') is represented by a loose, often diffuse deposit (Healy, 1983a; Koike, 1985; Hodgson & Heller, 2000) , sometimes forming a discrete rod (e.g. Giusti & Mazzini, 1973; Healy, 1982a, b; Afzelius & Dallai, 1983; Kohnert & Storch, 1984a; Koike, 1985; Buckland-Nicks & Hadfield, 2005; Giménez et al., 2008) or occasionally multiple rods (Litiopidae ; Healy, 1983a) . Thiara amarula is unusual in having its subacrosomal deposit formed into a solid, well delineated and flattened rod tightly fitting the invagination of the acrosomal vesicle and in having a flared base, which presumably offers some support for the posterior rim of the vesicle.
Nucleus: The eusperm nucleus of T. amarula is worthy of detailed discussion as this region exhibits several remarkable features. A long, tubular eusperm nucleus occurs in numerous other groups of caenogastropods (e.g. many Littorinoidea, many Truncatelloidea, Rissooidea, Tonnoidea, Conoidea, many Muricoidea; e.g. Walker & Macgregor, 1968; Buckland-Nicks, 1973; Buckland-Nicks & Chia, 1976; West, 1978; Buckland-Nicks et al., 1982b; Kohnert & Storch, 1984a; Koike, 1985; Healy & Jamieson, 1993; Healy, 1988a Healy, , 1996a Röpstorf et al., 2002) . However, the only previous record of this eusperm nucleus type among the Cerithioidea has been for another thiarid, M. tuberculata (Kohnert & Storch, 1984a; Hodgson & Heller, 1990) . All other investigated cerithoidean families exhibit a short, solid, eusperm nucleus with a short basal invagination (see Healy, 1983a; Kohnert & Storch, 1984a; Koike, 1985 , for comparative examples). The two studies which have dealt with M. tuberculata differ in their reconstruction of the extent of the nuclear invagination, with Kohnert & Storch (1984a) concluding that the anterior region of the nucleus is solid and Hodgson & Heller (1990) concluding that almost the entire nucleus is penetrated by the invagination (i.e. terminating near the base of the acrosome). In T. amarula we have found that, due to the marked lateral compression of the nucleus and the fact that the nuclear invagination is only usually observed in axial sections (taken either through the wide or the narrow axis), the full depth of the invagination (matching the interpretation by Hodgson & Heller, 1990 for M. tuberculata) is only occasionally observable. Longitudinal sections through the solid lateral regions of the nucleus do not reveal the invagination and this would appear to explain the conclusion of Kohnert & Storch (1984a) that the invagination does not penetrate the anterior region of the nucleus.
Undoubtedly, the most remarkable eusperm feature encountered in T. amarula is the differentiation of the nuclear contents (fibrous, very electron-dense material enclosing two elongate tracts of very finely granular, less-dense material). Kohnert & Storch (1984a: Fig. 2h ) reported this in the eusperm nucleus of M. tuberculata, supported by a single micrograph, but unfortunately the small size of the printed figure leaves some doubt concerning the interpretation. Surprisingly, the authors did not discuss this feature and all subsequent authors, including Hodgson & Heller (1990) , have either not been aware of it or perhaps not accepted it as real. Our study has clearly demonstrated differentiation of eusperm nuclear contents in T. amarula into two components and this is apparently also the case in M. tuberculata. Initially, we had not noticed the differentiation in our sections of T. amarula, as they had been stained using the contrast-enhancing method 'a' (Daddow, 1986 ; see Figs 1H, 3C) but, after switching to the more standard staining method 'b', the presence of two nuclear content components, differing in both texture and staining response, became clear ( Figs 1F, G, I,  2C, D) . Hodgson & Heller (1990) did not report any differentiation in their material of M. tuberculata, but this may have been due to the fact that they had examined slightly immature cells, which had not yet completed nuclear condensation. We know of no other examples of this intriguing phenomenon in mature sperm of any other gastropod, or in fact any other mollusc. Among other animals, the only example of mature sperm nuclei showing some comparable differentiation of condensed contents occurs in centipedes (Chilopoda), where the outer layer of the nucleus of certain species shows strong electron-density relative to the almost electron-lucent core (Jamieson, 1987: 47-49) . Electron-lucent cavities are often seen in aquasperm of externally fertilizing animals (including molluscs such as scaphopods, most bivalves and vetigastropods; see Koike, 1985, and Healy, 1996a , for examples and further literature), but this is likely a product of a less efficient condensation process and therefore not comparable with the condition observed in T. amarula and M. tuberculata. During euspermiogenesis in neritimorphs, caenogastropods and heterobranchs, condensing nuclei show various temporary combinations of helically twisted fibres and folded lamellae (e.g. Kaye, 1958a; Walker & MacGregor, 1968; Garreau de Loubresse, 1971; Giusti & Mazzini, 1973; Henley, 1973; Takaichi & Sawada, 1973; Buckland-Nicks & Chia, 1976; West, 1978; Selmi & Giusti, 1980; Healy, 1982a; Buckland-Nicks et al., 1983; Kohnert & Storch, 1984b; Koike, 1985) but, once fully condensed, the mature nucleus shows no differentiation of contents into visually distinct zones-the sole known exceptions being T. amarula and M. tuberculata. Hodgson & Heller (1990) did examine aspects of euspermiogenesis (in addition to paraspermiogenesis) in M. tuberculata, including the various stages of nuclear condensation, but their micrographs show no indication of heterogenous nuclear contents, and furthermore these authors did not discuss Kohnert & Storch's (1984a) finding, suggesting that the differentiation of eusperm nuclear contents occurs either very late in development in the testis, or in the vas deferens. We predict that this highly unusual feature occurs in other Thiaridae and it may even prove to be characteristic of the family, but the rarity of males in the Thiaridae means that this will be difficult to test.
Two other eusperm nuclear features of T. amarula are also worthy of discussion: (1) the presence of a periodically-banded rootlet associated with the centriolar complex and (2) the presence of elongate grooves in the nuclear invagination in the region traversed by the axoneme. We can find no previous report of either of these eusperm features in any other cerithioidean gastropod or in any other caenogastropod, although banded rootlets occur in paraspermatozoa of stromboideans and epitonioideans (Koike & Nishiwaki, 1980; JH unpublished data) and the nine coarse fibres associated with axonemal doublets in spermatozoa of heterobranch gastropods show very similar banding to that seen in T. amarula (e.g. Anderson & Personne, 1967; Takaichi & Sawada, 1973; Maxwell, 1976; Shileiko & Danilova, 1979; Healy & Jamieson, 1989; Healy & Willan, 1991) . Periodic banding is sometimes associated with centriolar rootlets and satellite fibres in aquasperm of externally fertilizing animals (e.g. Baccetti & Afzelius, 1976) and is well known in relation to the rootlets of ciliary centrioles (basal bodies) (Threadgold, 1976) . Generally, centriolar rootlets are interpreted as structures to aid anchorage of the centriole/axonemal apparatus (Baccetti & Afzelius, 1976 ) and this is likely in the case in T. amarula. Given that dense material associated with the centriolar complex in T. amarula also fills both of the grooves of the nuclear invagination, it seems that these grooves may likewise have some axoneme-anchoring role. As existing data on the eusperm nucleus of M. tuberculata provided by Kohnert & Storch (1984a) and Hodgson & Heller (1990) are not sufficiently detailed or (from the latter authors) based on immature cells, we cannot determine the presence or absence of a banded rootlet or nuclear invagination grooves in this species. Given the general similarity to our findings in T. amarula, it seems likely that both of these eusperm features will eventually be demonstrated in M. tuberculata.
Midpiece: Thiara amarula exhibits the characteristic cerithioidean eusperm midpiece arrangement of four straight, periaxonemal mitochondria, each containing highly organized, parallel, cristal plates (for comparative figures and discussion see Healy, 1983a Healy, , 1988a . Although this arrangement is peculiar to cerithioideans (and helps to separate this group from various families once associated with them, such as the Vermetidae, Cerithiopsidae, Plesiotrochidae, Campanilidae; see Healy, 1988a Healy, , b, 1990 Healy, , 1993 Healy, , 2000 , parallel cristal plates are also observed in the Cyclophoroidea (Selmi & Giusti, 1980; Koike, 1985; Healy, 1988b) and Ampullarioidea (Viviparidae only) (Ishizaki & Kato, 1958; Kaye, 1958b; Tanaka, 1958; Yasuzumi & Tanaka, 1958; Gall, 1961; Anderson, 1970; Hachiri & Higashi, 1972; Griffond, 1980; Koike, 1985; Kim & Choi, 1986) .
The junction of the nucleus and midpiece (neck region) in T. amarula is unusual in that the leading edge of each mitochondrion and the posterior edge of the nucleus unevenly overlap. Unfortunately, Kohnert & Storch (1984a) did not describe or illustrate this important region of the euspermatozoon in M. tuberculata. Although Hodgson & Heller (1990) did examine this region in M. tuberculata, the cells were still immature (nucleus showing condensation pattern, cells still accompanied by residual cytoplasm). However, they did demonstrate that in this species there is considerable mitochondrial intrusion into the nuclear invagination (at least for a distance of 6.0 μm according to their Fig. 3 ) which, despite the immaturity of the cell, seems most unlikely to be lost at maturity. As such marked mitochondrial intrusion into the nuclear invagination does not occur in T. amarula, we conclude that this feature is not a defining sperm feature of the Thiaridae. A particularly interesting feature of the nucleus-midpiece junction in T. amarula is the dense structure here interpreted as thick arms rather than a continuous ring (as its presence is only demonstrable in suitable longitudinal sections; unfortunately no suitable transverse sections were obtained through this region). These structures directly connect the asymmetrical basal region of the nucleus to the axoneme. We are unaware of them occurring in any other caenogastropod, although a dense structure observe at the nucleusmidpiece junction in Viviparidae euspermatozoa (Griffond, 1980; Koike, 1985; Kim & Choi, 1986 ) may potentially be homologous. The size and arrangement of the midpiece mitochondria has been used in a taxonomic and phylogenetic context in the Cerithioidea and elsewhere in the Caenogastropoda (Healy, 1996a (Healy, , 2000 (see below for further discussion).
Annulus, glycogen piece and end piece: The morphology of the annular complex, glycogen piece and end piece are largely as seen in other caenogastropods (e.g. Buckland-Nicks, 1973; Healy, 1983a; Koike, 1985) . However, our study has shown the presence of longitudinally continuous structures within a slightly immature eusperm glycogen piece of T. amarula, which we interpret as part of a support framework for the putative glycogen deposits. It remains to be determined if these structures are mictrotubular or membranous in origin. Healy (1983b) demonstrated in the truncatelloidean Stenothyra sp. the presence of a continuous membrane separating a peripheral layer of granules from the remainder of the periaxonemal granular deposits, but such an arrangement does not appear to be strictly comparable to the structures observed in T. amarula. The development of the glycogen piece in caenogastropod euspermatozoa, while known to occur after most of the mitochondrial elongation has taken place (e.g. Giusti & Mazzini, 1973; Buckland-Nicks & Chia, 1976; Healy, 1982a) , is worthy of more detailed research, particularly in relation to how glycogen granules reach their final position and what cytoskeletal support elements are involved.
Paraspermatozoa
Paraspermatozoa of caenogastropods vary considerably in morphology between superfamilies, ranging from those with a discrete head and tail tuft (e.g. Cerithioidea, Ampullarioidea, Cyclophoroidea, Campaniloidea) to simple vermiform (e.g. Cypraeoidea, Muricoidea, Buccinoidea, some Conoidea), vermiform with undulating wings (Strombidae) to large, complex cells bearing attached euspermatozoa (Triphoroidea, Epitonioidea) (see comparative surveys by Nishiwaki, 1964 (light microscopy); Tochimoto, 1967 (light microscopy); Melone et al., 1980; Giusti & Selmi, 1982; Healy, 1986a Healy, , b, 1988a Healy, , b, 1990 Healy, , 1993 Hodgson, 1997; Buckland-Nicks, 1998) . Typically, the nucleus is reduced or absent and multiple axonemes and dense vesicles are present, although axonemes are absent in the round paraspermatozoa of Littorinoidea, Abyssochrysoidea, certain Conoidea and certain Muricoidea (Buckland-Nicks & Chia, 1977; Melone et al., 1980; Giusti & Selmi, 1982; Reid, 1986 Reid, , 1989 Healy, 1989 Healy, , 1992 Healy & Jamieson, 1993; Buckland-Nicks et al., 2000) . While the function of paraspermatozoa has long been debated (e.g. Meves, 1903; Kuschakewitsch, 1913; Ankel, 1930) , they clearly must have one or more roles in the reproductive biology of the many groups that produce them, such as direct transport of euspermatozoa ('carrier paraspermatozoa' or 'spermatozeugmata' of Epitonioidea, Triphoroidea and Tonnoidea) or nutrition/stimulation of euspermatozoa (Bulnheim, 1962; Melone et al., 1980; Healy & Jamieson, 1981; Buckland-Nicks et al., 1982a, b; Giusti & Selmi, 1982; Hodgson, 1997; Buckland-Nicks, 1998; Bulnheim, 2000; Hayakawa, 2007) . The fact that intact paraspermatozoa coexist with euspermatozoa within the spermatophore of T. amarula examined by us indicates that parasperm function in this species lies within the female reproductive system and not the male, presumably within the seminal receptacle.
Morphologically the paraspermatozoa of T. amarula fall into the 'head and tail tuft' category (type I of Ankel, 1930; type III of Nishiwaki, 1964) , which is characteristic of the Cerithioidea, Ampullarioidea, Cyclophoroidea and Campaniloidea (Yasuzumi & Tanaka, 1958; Nishiwaki, 1964; Melone et al., 1980; Selmi & Giusti, 1980; Healy & Jamieson, 1981; Hodgson, 1997; Healy, 1986a Healy, , c, 1988a Healy, , 1993 Healy, , 2000 Winik, Catalan & Schlick, 2001) . In all of these superfamilies the head region consists of large dense vesicles (forming an outer sheath) and mitochondria surrounding a variable number of axonemes-the latter emerging posteriorly as discrete tails. In addition the head region may also exhibit a condensed nuclear remnant (many Cerithioidea, Cyclophoroidea, Campaniloidea) and sometimes an acrosome-like structure apically (many Cerithioidea, Campaniloidea) (Hachiri & Higashi, 1971; Selmi & Giusti, 1980; Healy & Jamieson, 1981; Healy, 1982a Healy, , b, 1986a Healy, , c, 1993 Hodgson, 1997; Buckland-Nicks & Hodgson, 2005) .
Among the studied Cerithioidea, paraspermatozoa of T. amarula most closely resemble those of the other thiarid M. tuberculata (Kohnert & Storch, 1984a; Hodgson & Heller, 1990 ) (apex blunt with no acrosome-like structure; no condensed nuclear core; rounded dense vesicles; 7-14 axonemes, all tails with glycogen). Interestingly these same similarities can be observed in viviparid Ampullarioidea (Ishizaki & Kato, 1958; Tanaka, 1958; Yasuzumi & Tanaka, 1958; Gall, 1961; Griffond, 1981; Yasuzumi, Tsubo & Matsuzaki, 1970) . The thickened membrane at the head apex in T. amarula may possibly be of nuclear origin (as also seen in Viviparidae), given that the multiple axonemes of such 'head and tail tuft' paraspermatozoa attach to the nucleus during development (be it a condensed nuclear core or just an empty, membranous sac). Only study of parasperm development in T. amarula will clarify this detail.
Spermatophoral sperm of gastropods
Only three previous studies have dealt with the ultrastructure of spermatophoral spermatozoa in gastropods (Kress, 1985; Healy & Jamieson, 1989; Jamieson & Newman, 1989) and, of these, only that by Healy & Jamieson (1989) on Cornu aspersum (as Helix aspersa) directly contrasted sperm from the seminal vesicle and from the spermatophore. However, despite the paucity of data, all of these accounts suggest that identifiable structural changes do not occur in spermatozoa within the spermatophore in these species. The results we have presented herein for T. amarula, although limited to spermatophoral spermatozoa, also show no evidence of changes when compared with accounts of mature cerithioidean spermatozoa obtained from testis and/or sperm duct (seminal vesicle) (see multiple species accounts in Healy, 1983a Healy, , 1986a and extensive other literature cited herein). Hence, we are confident that the differentiation of euspermatozoal nuclear contents seen in T. amarula is not a product of spermatophoral storage, as also supported by the fact that the feature is already present in cells from the sperm duct in M. tuberculata (Kohnert & Storch, 1984a) . Partially missing portions of plasma membrane observed by us, particularly in euspermatozoa, are here interpreted as due to fixation deficiencies rather than any cellular change within the spermatophore.
Taxonomic and possible phylogenetic implications
Even at the light-microscopic level, the marked structural differences between caenogastropod euspermatozoa and paraspermatozoa and the distinctive shapes of many type of paraspermatozoa have long been known to be of taxonomic importance (e.g. Koehler, 1888; Kuschakewitsch, 1913; Ankel, 1930; Nishiwaki, 1964; Tochimoto, 1967) . Ultrastructurally, similarities and differences in sperm morphology between taxa at all levels become clearly apparent and this has yielded valuable new data for taxonomic and phylogenetic studies (for discussions and further literature see Giusti, 1971; Melone et al., 1980; Kohnert & Storch, 1984a; Koike, 1985; Hodgson, 1997; Buckland-Nicks, 1998; Bulnheim, 2000; Healy, 1983a Healy, , 1988a Healy, , 1996a Healy, , 2000 . Giusti (1971) was the first to demonstrate ultrastructural eusperm features in a cerithioidean (Cerithium vulgatum). His work hinted at the likelihood that other members of the superfamily might share the same or similar features and subsequent work has borne this out. Most recently, Strong et al. (2011) have successfully incorporated sperm ultrastructure characters into the most detailed phylogenetic analysis of the Cerithioidea yet conducted.
Healy (1983a) recognized two broad groups of cerithioidean families based primarily on eusperm ultrastructure, in particular the form of the midpiece mitochondria: Group 1 with two large and two small mitochondria, subdivided into: (i) small mitochondria with arrow-head transverse profile (Cerithiidae, Turritellidae, Dialidae, Litiopidae) and (ii) small mitochondria with block-shaped transverse profile (Batillariidae, Planaxidae); Group 2 with four equal-sized mitochondria and discrete flanges present at shoulder region (Potamididae, Modulidae, Scaliolidae). Subsequent work (Afzelius & Dallai, 1983; Kohnert & Storch, 1984a; Koike, 1985; Afzelius et al., 1986 Afzelius et al., , 1989 Healy, 1986a, b, 2000 and unpublished data; Minniti, 1993; Attiga & Al-Hajj, 1996; Hodgson & Heller, 1990 Suwanjarat & Klepal, 2001; Suwanjarat & Suwaluk, 2003; Al-Hajj & Attiga, 1995) has confirmed this arrangement in many families and also necessitates recognition of a further subdivision of Group 2: (ii) four equal-sized periaxonemal mitochondria and flanges absent from neck region (Pleuroceridae, Thiaridae (Melanoides) and probably Melanopsidae; flanges were reported in Melanopsis buccinoidea by Hodgson & Heller, 1990 , but appear absent in Melanopsis dufouri etrusca, Afzelius et al., 1989; JH unpublished data) . Results of the present study for T. amarula and those of Kohnert & Storch (1984a) and Hodgson & Heller (1990) for M. tuberculata indicate that these species (and, we predict, all of the Thiaridae) belong among Group 2 (ii) cerithioideans. Aside from the two-component differentiation of the nuclear contents, it will be of considerable interest to determine if the euspermatozoa of M. tuberculata or other thiarids possessed any of the other unusual features observed in T. amarula including (1) eccentric positioning of the acrosomal vesicle invagination; (2) periodically-banded centriolar rootlet; (3) elongate nuclear grooves (associated with the invagination and axoneme); (4) accessory (axonemal) arms within the nuclear invagination; (5) presence of dense structures linking nucleus to axoneme; (6) strongly uneven overlap of nuclear base and mitochondrial neck region.
The relationships between freshwater families of Cerithioidea, and even the generic composition of some of those families, remain important and incompletely resolved issues (see Glaubrecht, 1996 Glaubrecht, , 1999 Glaubrecht, , 2006 Strong et al., 2011) . Houbrick (1988) and Ponder (1991) presented phylogenies of the Cerithioidea based on morphological (principally anatomical) data, in both cases the Thiaridae (as then understood) forming a clade with the Planaxidae and Diastomatidae, and Pleuroceridae and Melanopsidae forming another. Lydeard et al. (2002) investigated cerithioidean phylogeny using molecular sequence data and found that families such as the Thiaridae, Pleuroceridae and Melanopsidae as traditionally conceived were paraphyletic, the latter two fragmenting almost completely in their analysis. At present, sperm ultrastructural data for freshwater cerithioideans are fragmentary and there are many unstudied genera, some of which (e.g. Faunus, Pachychilus, Holandriana, Paracrostoma) will be critical for testing molecular and anatomy-based phylogenies. Strong et al. (2011) used 13 eusperm characters and 10 parasperm characters in the most thorough cladistic analysis of Cerithioidean phylogeny to date, and it is clear that sperm ultrastructural work has improved our understanding of relationships between freshwater branches of the superfamily. In the case of T. amarula we have identified at least six additional eusperm characters which may be of value in defining higher taxa and as indicators of relationship, particularly within the Thiaridae. Results presented by us have provided evidence for a close relationship between the thiarid genera Thiara and Melanoides, and more distantly between the Thiaridae and the Melanopsidae and perhaps Pleuroceridae. Based on the trees generated by Strong et al. (2011) we predict that two key eusperm features shared by T. amarula and M. tuberculata (long tubular nucleus and differentiation of nuclear contents into two components) will also be shared by Stenomelania and Tarebia, and likely be found to be characteristic (and possibly synapomorphic) of the entire Thiaridae.
